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Summary
The yfhJ gene is part of the isc operon, which encodes
the machinery devoted to assemble iron-sulfur clus-
ters in prokaryotes. Its transcript is a small acidic pro-
tein that binds the desulfurase IscS, which is essential
in iron-specificmetabolic pathways. To understand its
cellular role, we have characterized the structure of
YfhJ in solution and its interactions with potential cel-
lular partners. It contains a modified winged helix
motif, usually present in DNA binding proteins, and
is able to bind iron cations. The IscS interaction sur-
face is the same as that involved in iron binding.
This observation and the pattern of conservation
through species strongly suggest that YfhJ is amolec-
ular adaptor that is able to modulate the function of
IscS in iron-sulfur cluster formation. The remarkable
similarity between the in vitro behavior of YfhJ and
that of the protein frataxin also suggests new hypoth-
eses regarding the functional role of both proteins.
Introduction
Iron is essential for life since it is ubiquitously involved in
a large variety of processes, such as DNA repair, tran-
scriptional regulation, biosynthesis of nucleotides and
amino acids, electron transfer, nitrogen fixation, and
heme and biotin biosynthesis (Beinert, 2000; Beinert
and Kiley, 1999). However, since ionic iron is at the
*Correspondence: apastor@nimr.mrc.ac.uksame time highly toxic and of limited solubility, special-
ized machineries have evolved to regulate the way this
element is taken up from the environment, stored, and
transported around the cell in a readily available and
yet harmless form.
One of the most ancient and widely spread mecha-
nisms for iron transport by proteins involves iron-sulfur
(Fe-S) clusters of different geometries and stoichiome-
tries. These clusters are assembled by a complex en-
semble of proteins that, in prokaryotes, is encoded by
specialized operons. The first to be discovered of such
systems, the nif operon, was identified in the aerobic ni-
trogen-fixing bacterium A. vinelandii (Jacobson et al.,
1998). Subsequently, homologs of the nif gene products,
termed isc proteins, were discovered in both A. vinelan-
dii and E. coli and were found to be highly conserved
amongst both prokaryotes and eukaryotes (Zheng
et al., 1998).
The isc operon has recently received specific atten-
tion because it constitutes a relatively simple system
by which to understand the Fe-S assembly machinery.
In E. coli, the isc operon contains eight genes, seven
of which express proteins with known functions, i.e.,
IscS, IscA, IscU, ferredoxin (Fdx), IscR, Hsc20, and
Hsc66. The desulfurase IscS catalyzes the removal of
sulfur from L-cysteine with consequent formation of ala-
nine and IscS bound elemental sulfur (Flint, 1996). Sulfur
is reduced, possibly by Fdx, and transferred to IscU, on
which it forms an unstable Fe-S cluster (Agar et al., 2000;
Urbina et al., 2001). Although the nature of the iron donor
has not yet been established, it was suggested that this
function could be carried out by CyaY, the bacterial or-
tholog of human frataxin (Yoon and Cowan, 2003;
Gerber et al., 2003; Muhlenhoff et al., 2003; Ramazzotti
et al., 2004). Once the cluster is formed, it is transferred
to the final targets either by IscA or IscU (Ding et al.,
2004; Mansy et al., 2002; Krebs et al., 2001). Hsc66
and Hsc20, the gene products of the hscA and hscB
genes, respectively, are two chaperones that seem to
assist the maturation of Fe-S proteins and to have a spe-
cialized function in the assembly, such as stabilization or
transfer of the Fe-S cluster formed on IscU (Hoff et al.,
2000). Finally, the winged helix protein IscR, whose
open reading frame (ORF2) is upstream of the genes en-
coding the Fe-S cluster assembly proteins, is thought to
regulate transcription of the isc operon (Zheng et al.,
1998; Schwartz et al., 2001).
The last isc operon gene encodes a small acidic
protein named YfhJ or IscX (Tokumoto and Takahashi,
2001; Tokumoto et al., 2002). Very little is known about
this protein. In vitro studies have shown that YfhJ is
able to bind IscS, suggesting that YfhJ is involved in
modulating the function of this enzyme. On the other
hand, a preliminary report of the crystal structure of
YfhJ has suggested that the protein contains a helix-
turn-helix motif that is typical of DNA binding proteins
(Shimomura et al., 2005). This could suggest a function
as a transcription regulator of the isc operon.
As part of a long-term function-oriented structural ge-
nomic project that aims at understanding the molecular
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858bases of the mechanism of Fe-S cluster assembly and
the role in it of each of the isc operon genes, we have
explored the structure-function relationship of YfhJ by
using complementary biochemical and biophysical tech-
niques. We first characterized the thermodynamic sta-
bility and dynamic properties of YfhJ by different spec-
troscopies and analytical ultracentrifugation studies.
We then solved the structure in solution of YfhJ by
high-resolution nuclear magnetic resonance (NMR)
methods, as a prerequisite for binding studies and as
a possible approach to identify structurally similar ho-
mologs in eukaryotes. Chemical shift perturbation tech-
niques were used to map onto the surface of YfhJ its in-
teractions with IscS and with other potential cellular
partners, such as Fe2+, Fe3+, and bacterial frataxin.
Potential relationships of YfhJ with other Isc proteins
were also examined by bioinformatics searches of their
phylogenetic distribution. Our results strongly suggest
that YfhJ carries out an adaptor function in the regula-
tion of isc proteins.
Results
YfhJ Is Present in Solution as a Stable
Monodispersed Protein
A first characterization of the stability and general fea-
tures of YfhJ was carried out by far- and near-UV circular
dichroism (CD) and by fluorescence. The far-UV CD
spectrum of YfhJ confirms that the protein is well folded
and has a high a-helical content (the estimated a-helical,
b sheet, and random coil contents are 58%, 3%, and
39%, respectively). Thermal unfolding is highly cooper-
ative and reversible. The midpoints of the thermal un-
folding curves vary between 47ºC and 55ºC, depending
on salt and buffer conditions (Figure 1A). The fluores-
cence emission spectrum of YfhJ has a maximum at
337 nm, suggesting that not all of the three tryptophans
present in the sequence are buried (Figure 1B).
To check the state of aggregation and the hydrody-
namic properties of YfhJ in solution, we carried out an
analytical ultracentrifugation analysis, complemented
by NMR relaxation measurements. According to the
analytical ultracentrifugation data, YfhJ sediments as
a single component with an average sedimentation co-
efficient (s20,w) at 1.3–1.4 S (data not shown). Finite
element data analysis gave an average S value of
1.35 S and an average molecular weight of 8.03 kDa.
These results are consistent with the molecular weight
of monomeric YfhJ (7.732 kDa). YfhJ has a low friction
coefficient ratio of 1.09 relative to that of an anhydrous
sphere, indicating that the protein structure is compact.
Accordingly, the correlation time measured from the
NMR relaxation parameters is typical of a fast-tumbling
molecule (3.9 ns), confirming that YfhJ is monomeric in
solution also in the millimolar range of concentration.
YfhJ Has a Compact All-Helical Fold
The solution structure of YfhJ was solved by standard
NMR methods. The final representative family of 20 wa-
ter-refined structures has an excellent precision with
a root mean square deviation (rmsd) of 0.70 6 0.17 A˚
and 1.416 0.19 A˚ for all the backbone and heavy atoms,
respectively (Figure 2A). The structure quality assessed
with standard indicators is also excellent, suggestingvery high accuracy (Table 1). The structure consists of
three helices, of which a1 and a3 are antiparallel to each
other, whereas a2 is approximately perpendicular to the
others. In some of the structures, residues 24–26 form
a one-turn 310 helix. The three helices form a compact
core that is flanked by long, unstructured loops of 10
and 12 residues. The relative orientation of a1 and a3 is
determined by the large number of NOEs observed be-
tween residues 8–57, 9–60, 12–60, 12–57, and 16–64.
The contacts between a1 and a2 and between a2 and a3
are also directly supported by NOEs between Trp35
and Tyr19 and between Met32 and Leu54, respectively.
Of the three tryptophans, Trp35 packs against Tyr19,
and both aromatic rings are relatively accessible to the
solvent. Trp5 and Trp61 are instead buried and contrib-
ute to the hydrophobic core of the protein. The surface
of the protein is overall very acidic, which is in agreement
with the isoelectric point of the protein (3.7) (Figure 2B).
The relaxation parameters, T1, T2, and NOEs, are fairly
constant all along the sequence, except at the N and C
termini, indicating that the structure is highly rigid and
compact (see Supplemental Data available with this ar-
ticle online). Relaxation parameters higher than the
Figure 1. Probing the Stability and the Fold of YfhJ
(A) Thermal denaturation curves of YfhJ as followed by far-UV CD.
The curves were recorded on 35 mM samples of YfhJ in 20 mM
phosphate (dotted line), 20 mM phosphate and 150 mM KCl (discon-
tinuous line), and 10 mM HEPES and 50 mM KCl (continuous line).
(B) Fluorescence spectrum of YfhJ. The experiment was recorded
at 25ºC with a YfhJ sample in 10 mM HEPES (pH 7.5).
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859average were observed for the Asp44 amide, which is
also anomalously shifted at high field. In the structure,
this residue is located in the middle of the long loop in-
terconnecting a2 and a3 and packs against Trp5.
The YfhJ Fold Is Typical of DNA Binding Proteins
A DALI search (Holm and Park, 2000) through the PDB
database identified the crystallographic structure of
YfhJ (Shimomura et al., 2005) as the highest hit (Figure 3).
The two structures superpose with a 1.2 A˚ rmsd for all
backbone atoms or with a 0.65 A˚ rmsd for residues 5–
65, although the X-ray structure was in no way used in
our structure calculation. After this hit, the highest struc-
tural similarity was observed with the DNA binding do-
main of the centromere Abp1 protein fragment (with
a Z score of 3.8), as previously reported, and with the
FF domain of human HYPA/FBP11 (with a Z score of
3.5) (Allen et al., 2002). FF domains are known to bind
to the CTD of RNAPII and are involved in RNA metabo-
lism (Carty et al., 2000). A significant degree of similarity
is also observed with two members of the helix winged
family of transcription activators, the DNA binding do-
main of the protein Genesis (Z score of 2.8) (Sutton
et al., 1996), and the structurally related DNA binding do-
main of the human DEK (Z score of 2.4) (Devany et al.,
2004). The structure of YfhJ, similarly to that of the
DNA binding domain of the DEK protein, does not
contain b strands, but the helices are flanked by long,
unstructured loops.
The striking structure similarity between YfhJ and
a widely spread DNA binding motif, which is also present
in the other iscprotein, IscR, could suggest a role of YfhJ
in transcription regulation of the isc operon.
Figure 2. The Solution Structure of YfhJ
(A) NMR bundle (left) and the average structure (right). The positions
of the three a helices (a1: 8–18, a2: 29–38, and a3: 51–65) and of the
short 310 helix (24–26) are indicated.
(B) Surface distribution of the electrostatic potential.YfhJ Has Eukaryotic Orthologs
To test this hypothesis, we mapped sequence conser-
vation through species onto the structure of YfhJ. The
pattern of conservation should help to identify function-
ally important residues. We performed a database
search of YfhJ orthologs by using PSI-Blast with default
settings and YfhJ as the query. The search resulted in 62
related sequences. Most of them are from a-, b-, and g-
proteobacteria, from the cyanobacterium Gloeobacter
violaceus, and from Leptospirillum ferrooxidans (Fig-
ure 4A). However, we also found YfhJ orthologs in a spe-
cific group of eukaryotes, i.e., in Plasmodium falcipa-
rum, Plasmodium yoelli yoelli, Plasmodium chabaudi,
Theileria annulata, and Theileria parva. These species
are part of the apicomplexa, a large group of parasitic
protozoa that lack flagella, pseudopods, or cilia, and
are the causative agents of malaria (Plasmodium) and
tick-borne diseases in cattle (Theileria).
Exposed conserved and semiconserved residues
seem to cluster only on one of the two faces of the pro-
tein that must be involved in the protein function. Of the
residues fully conserved through species (Trp5, Ile11,
Leu15, Phe29, Glu51, Leu54, Glu55, and Trp61), only
Glu51 and Glu55 are exposed to the solvent, strongly
suggesting that they are functionally relevant (Figure 4B).
Spatially close to these residues are Arg28 and Phe29,
also exposed and semiconserved. Most of the other ex-
posed semiconserved residues are negatively charged.
Table 1. Statistics of the Structure Determination
Final NMR restraints
Total distance restraints 1699
Unambiguous/ambiguous 1583/116
Intraresidue 775
Sequential 281
Medium (residue i to i + j, j = 2 2 4) 230
Long-range (residue i to i + j, j > 4) 413
Dihedral angle restraintsa
f 83
c 61
Deviation from idealized geometry
Bond lengths (A˚) 0.001 6 0.000
Bond angles (º) 0.263 6 0.024
Improper dihedrals (º) 0.114 6 0.004
Restraints violations
Distance restraint violation > 0.5 A˚ 0
Dihedral restrain violation > 5º 0
Coordinate precision (A˚) with respect
to the mean structure
Backbone of structure regions 0.70 6 0.17
Heavy atoms of structure regions 1.41 6 0.19
Whatif quality check
First generation packing quality 20.189
Second generation packing quality 20.632
Ramachandran plot appearance 20.241
c1-c2 rotamer normality 20.368
Backbone conformation 20.076
Procheck Ramachandran statistics
Most favored region 85.7%
Additionally allowed region 12.5%
Generously allowed regions 1.9%
Disallowed regions 0%
Statistics were calculated for the 20 lowest-energy structures after
water refinement.
a Derived from 3JHNHa coupling constants and TALOS (Cornilescu
et al., 1999).
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860Figure 3. Comparison with Other Proteins of
the Helix Winged Family
(A) Structurally based sequence alignment
based on Dali superposition.
(B) Comparison of the most significant hits
with the solution structure of YfhJ. From left
to right: superposition of YfhJ (light blue)
with the X-ray structure (1uj8, rmsd = 1.2 A˚);
the C-terminal domain of DNA binding protein
Abp1 (1iuf, rmsd = 2.4 A˚); the FF motif from
human HYPA-FBP11 (1h40, rmsd = 2.5 A˚);
the HNF-3 homolog fragment from the gene-
sis protein (2hfh, rmsd = 2.9 A˚); and the C-ter-
minal domain of human protein DEK (1q1v,
rmsd = 2.7 A˚).Interestingly, the only cysteine (Cys37) and histidine
(His33) residues present in E. coli are spatially close,
suggesting that they could participate to a cation bind-
ing site. The cysteine is, however, nonconserved.
Overall, the pattern of conservation of acidic residues
suggests that, despite the structural similarity with tran-
scription activators, a direct involvement of YfhJ in nu-
cleic acid binding is unlikely.
YfhJ Binds Fe2+ and Fe3+
The presence of the YfhJ gene in the isc operon and
the negatively charged surface of the protein suggested
to test whether the protein interacts with iron(II) and
iron(III). 15N HSQC NMR titration experiments were
used to map the surface of the interaction. The two cat-
ions affect approximately the same residues of YfhJ, but
they have a slightly different effect. Iron(II) titration
causes observable effects in the NMR spectrum already
at low ion:protein concentration and has overall strongereffects than Fe3+, according to the paramagnetic nature
of the ferrous aqueous complex. Already at 0.5:1 equiv-
alents of Fe2+, the amides of residues Asp17 and Glu64
are completely bleached. The resonances of residues
Glu10, Glu13, Tyr16, Ala18, Tyr19, Asp39, Glu41,
Ala65, and Glu66 are affected in both the intensities
and the chemical shifts (see Supplemental Data). The
resonances of Ile11, Ala14, Leu15, Asp21, Leu22,
Trp61, and Asp63 experience a smaller shift. At a 2:1
Fe2+:protein ratio, the resonances of Ala18, Leu39, and
Glu66 are too broad to be observed, while those from
Asp41 and Ala65 are still visible, although they are very
weak and shifted. Further addition of iron(II) causes
a general broadening of the spectrum.
In the presence of 0.5 equivalents of Fe3+, the reso-
nances of Glu64 and Glu66 broaden, whereas those of
Thr30 and His33 shift slightly (see Supplemental Data).
At an equimolar Fe3+ ratio, appreciable broadening of
the resonances of Glu13, Tyr16, Asp17, Asp63, andFigure 4. Searching for Sequence Conservation of YfhJ
(A) Sequence alignment was performed with ClustalX (Thompson et al., 1997). The positions of the a and 310 helices are indicated as red rect-
angles and orange symbols, respectively.
(B) Mapping the sequence conservation onto the structure of YfhJ. The side chains of the exposed residues completely and partially conserved
are shown in green and yellow, respectively.
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861Figure 5. Interaction with IscS, Fe2+, and Fe3+
(A) Plot of the fluorescence intensity of la-
beled YfhJ versus progressive addition of
IscS. The experiment was carried out at
20ºC with a 16 mM solution of YfhJ in 20 mM
Tris-HCl buffer (pH 8) containing 150 mM
NaCl and 20 mM b-mercaptoethanol.
(B) Mapping the interactions with IscS and
iron cations onto the structure of YfhJ. From
left to right: ribbon representation of YfhJ in-
dicating the side chains of the residues
affected by IscS, Fe2+, and Fe3+.Ala65 and complete bleaching of Glu64 and Glu66 are
observed. A new resonance appears around 113 and
7.1 ppm. At a 2.5:1 iron:protein ratio, there is a general
broadening of the spectrum. The resonances of Glu10,
Leu15, and Glu41 shift further or broaden, and those of
Asp17, Ala18, Ile36, Glu64, and Glu66 disappear. Local-
ized effects cannot be distinguished anymore at higher
ratios.
YfhJ Forms a Specific Complex with IscS
We then tested the interaction with IscS by using fluo-
rescence spectroscopy and NMR. Since both proteins
contain tryptophan residues, it was impossible to study
the interaction by monitoring intrinsic tryptophan fluo-
rescence. We therefore labeled YfhJ with three different
extrinsic probes, covalently conjugated to the partially
exposed Cys37, and monitored the interaction by using
both intensity and polarization measurements. The best
signal variations were obtained with Alexa Fluor 532,
and this probe was used in all of the experiments re-
ported hereafter. Upon addition of IscS, we observed
a significant increase in the fluorescence intensity and
in the polarization value, consistent with the formation
of a high-molecular weight complex with a correspond-
ingly slower rotation in solution (Figure 5A). This is what
we expected since IscS is known to be present in solu-
tion as a stable symmetric dimer of w90 kDa (Cupp-
Vickery et al., 2003). Complex formation should thus ap-
preciably increase the tumbling time of YfhJ.
Reliable determination of the stoichiometry of the
complex proved difficult at the concentrations neces-
sary for the assay. However, for symmetry reasons, it
is reasonable to assume a 1:1 stoichiometry, with two
symmetrical binding sites on the IscS dimer, each of
which accommodates a monomer of YfhJ. With thisassumption, we could fit the intensity titrations with a Kd
value of 9.9 6 0.8 mM and a fluorescence enhancement
of 1.77 6 0.03. Competition titrations in which labeled
YfhJ was displaced by addition of the unlabeled protein
gave a Kd for the latter of 14.36 0.75 mM, indicating that
the presence of the probe has a minimal effect on the af-
finity of the interaction. The polarization data were con-
verted to fractional saturation by correcting for the in-
tensity change (see above) and by using a measured
polarization of 0.185 for free labeled YfhJ and an esti-
mated polarization for the complex of 0.345. Although
analysis of this curve is less accurate than the analysis
of the intensity titration because of the uncertainty in
the estimation of the polarization value for the complex,
the calculated Kd (12.4 6 2.3 mM) was consistent with
that determined from the intensity titration.
The surface of the interaction was then mapped to
specific residues by NMR chemical shift perturbation
experiments. Upon titration of a 15N-labeled sample of
YfhJ with unlabeled IscS, the 15N HSQC resonance of
the Asp17 amide is the first to be affected: already at
a YfhJ:IscS ratio of 6:1, its resonance is almost entirely
bleached, whereas the resonance of Trp61 shifts slightly
and broadens to a minor extent. Further addition of IscS
(2.6:1 YfhJ/IscS ratio) affects the additional resonances
of residues Ile11, Asp65, Glu64, and Ala65 (see Supple-
mental Data). At a 2:1 YfhJ:IscS ratio, the spectrum is
highly perturbed. The most affected resonances are
those of residues 3, 4, 10, 11, 13, 14, 17, 58, and
61–64. This behavior is compatible with the formation
of a slow-tumbling, large-molecular weight complex
(w110 kDa). At higher ratios, the spectrum of YfhJ dis-
appears almost completely.
When the residues affected upon titration of YfhJ with
IscS, Fe2+, and Fe3+ are mapped onto the surface of YfhJ,
Structure
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terminus and surrounds Asp17 (Figure 5B). This region
is distinct from the surface containing the highly con-
served Glu51 and Glu55 and comprises the semicon-
served Asp17 and the amide proton of Trp61 (whose
side chain is otherwise buried). Interestingly, the interac-
tion surfaces with Fe2+ and Fe3+ are essentially the same,
minor differences being mostly due to the nature of the
cation, and involve the same residues that also partici-
pate in IscS binding. Despite the presence of a histidine
and cysteine pair, iron binding seems to involve mostly
negatively charged residues. A cluster that could have
the correct geometry to form a reasonable binding site
for a di-iron pair (Harrison and Arosio, 1996) and that
comprises two of the residues mostly affected by both
Fe2+ and Fe3+ is formed by Glu13, Tyr16, Asp17, Asp63,
and Glu64.
Finally, to test whether the interaction with IscS is
modulated by iron, we repeated the fluorescence mea-
surements by using Fe3+-loaded YfhJ (data not shown).
The binding constant increases slightly. The maximal
value was measured at a 1:2 YfhJ:Fe3+ ratio as 1.7 6
0.4 mM. No significant change was observed above
this ratio.
YfhJ Has a Frataxin-like Behavior
YfhJ therefore seems to be a small acidic protein able to
bind iron mainly through glutamates and aspartates.
This mode of binding is highly reminiscent of the proper-
ties of frataxin and its orthologs (Nair et al., 2004; Adinolfi
et al., 2002). This protein, whose function remains un-
known, was suggested to be implicated in different
functions. One of the current hypotheses is that it plays
a role in cellular detoxification by sequestering iron and
storing it in large molecular aggregates (Cavadini et al.,
2002). To explore if YfhJ also aggregates in the presence
of ionic iron, we checked the state of YfhJ aggregation
by analytical gel filtration experiments by using the
same protocol previously adopted to study the frataxin
orthologs (Adinolfi et al., 2002; Cavadini et al., 2002).
When fresh batches of YfhJ were incubated with
Fe(NH4)2(SO4)2.6H2O (1:20 protein:cation ratio) at 30ºC
for 1 hr under aerobic conditions, the gel filtration profile
revealed the presence of two peaks (Figure 6). One peak
corresponds to the monomer; the second (w1/3 of the
initial sample) has an apparent molecular weight corre-
sponding to an octameric form. The high absorbance
of the second peak is dictated by the presence of ferric
ions. The high-molecular weight species is noncovalent,
as indicated by mass spectrometry and SDS-PAGE
electrophoresis run under nonreducing conditions (data
not shown). When iron was added to a solution of YfhJ
already containing 100 mM NaCl, only a small amount
of the aggregate formed, thus suggesting that the ionic
strength competes with iron-promoted aggregation.
A Role of YfhJ in Iron Delivery to CyaY?
To investigate a potential role in iron delivery, we probed
a possible interaction between YfhJ and E. coli CyaY,
the bacterial ortholog of human frataxin that has been
suggested to be an iron chaperone (Park et al., 2003;
Yoon and Cowan, 2003). When labeled YfhJ was titrated
with unlabeled CyaY, only minor variations of the NMR
spectrum were observed, thus excluding the possibilityof a strong direct interaction between the two (data not
shown). Since both proteins are known to bind iron, we
carried out a competition experiment titrating iron(III)-
loaded YfhJ (1:3 protein:Fe3+) with CyaY. Addition of
CyaY up to a 1:1 ratio resulted in progressive reversal
of the effects induced by iron on the spectrum of YfhJ,
indicating transfer of the iron from YfhJ to CyaY.
However, the transfer is not quantitative since, at the
relative protein concentration used, the peaks that
were bleached did not reappear. These results suggest
that CyaY has a greater affinity to the cation and that, in
the absence of other stronger chelators, can compete
with YfhJ for iron binding.
Looking for Genomic Links
To test our results by searching for genomic correla-
tions, we examined whether yfhJ tends to occur with
other specific genes of the isc operon amongst the ge-
nomes sequenced, a technique that has been success-
fully used to predict a role of frataxin in Fe-S assembly
(Morett et al., 2003). All of the genes of the isc operon
have a wider distribution among sequenced genomes
than yfhJ (Table 2). IscS occurs, for instance, in 91 se-
quenced a-, b-, and g-proteobacteria, including Gloeo-
bacter violaceas and Leptospirillum ferrooxidans, and
34 of these do not have a homolog of YfhJ. The reverse,
the presence of YfhJ without IscS, however, never oc-
curs. Therefore, the function of YfhJ appears to depend
on the presence of IscS. YfhJ shows the strongest de-
pendence on the presence of IscS, IscU, HscA, and
HscB and, to a minor degree, on the presence of Fdx,
IscA, and IscR. The several examples of the presence
of the other isc operon proteins in the absence of YfhJ
are consistent with experimental evidence showing that
YfhJ is not essential for Fe-S cluster assembly (Toku-
moto and Takahashi, 2001).
Figure 6. Studies of the Aggregation Properties of YfhJ upon Addi-
tion of Ferrous Ammonium Sulfate, as Probed by Gel Filtration
Ferrous ammonium sulfate (protein:iron ratio of 1:20) was added to
50 mM freshly purified YfhJ in 10 mM HEPES (pH 7.4), incubated
for 1 hr at 30ºC, centrifuged (13,000 3 g for 5 min), and then loaded
onto a HiLoad 10/30 Superdex 75 column (Pharmacia). The scale on
the vertical axis is in milliabsorption units (mAU) detected at 280 nm.
The peaks of the aggregate (peak 1) and of the monomer (peak 2)
species are labeled.
Structure-Function Relationship of YfhJ
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weakest link with YfhJ, since either sequence occurs
regularly without the other. However, CyaY and YfhJ ap-
pear to replace each other in the species P. falciparum,
P. chabaudi, P. yoelli yoelli, T. parva, and T. annulata,
which are the only sequenced eukaryotes that have a de-
tectable ortholog of YfhJ. With the exception of T. annu-
lata, these are also the only sequenced eukaryotes in
which we could not detect homologs of CyaY. This ob-
servation could suggest that, amongst eukaryotic ge-
nomes, YfhJ and CyaY replace each other.
Discussion
YfhJ is a small protein whose function is still mostly un-
known. To understand its role, we have investigated its
links with other isc proteins and its ability to bind iron
cations directly. We have checked the presence of
YfhJ throughout genomes and found that it is also pres-
ent in some members of a specific family of eukaryotes,
i.e., the Apicomplexa. By complementary biophysical
methods, we have shown that YfhJ is stably folded in
a compact globular domain that, in solution, acts as
a monomer. The structure of YfhJ in solution is in excel-
lent agreement with the crystal structure and has a fold
remarkably similar to that of a family of transcription
regulators (Shimomura et al., 2005). However, both the
highly negative surface of the protein and the pattern
of conservation (Figure 4) suggest that the similarity re-
flects an adaptation of this fold to a new function, rather
than a direct role in binding to DNA. The most conserved
exposed residues are two exposed glutamate residues
that, although present in protein/nucleic acid interfaces
(Pabo and Sauer, 1984), are more likely to be involved
in the interaction with a different partner. The absence
of any evident genomic link between YfhJ and the
other regulatory protein, IscR, is consistent with this
hypothesis.
Based on copurification and two-hybrid studies, To-
kumoto et al. (2002) had previously mapped the complex
network that links the isc proteins and showed that YfhJ
binds the desulfurase IscS. They had also reported inter-
action of YfhJ with IscU, but these results were not sup-
ported by two-hybrid screening, thus suggesting that
the interaction is mediated by other partners. Here, we
have confirmed and extended these observations by
Table 2. Occurrence of Orthologs of YfhJ with Other Members of
the isc Operon and with CyaY in a-, b-, and g-Bacterial Genomes
IscR IscS IscU IscA HscA HscB Fdx CyaY
Cooccurrence 52 57 57 53 56 57 53 46
noYfhJ 37 34 27 53 28 30 35 26
YfhJ alone 5 0 1 4 1 1 4 11
In the first row, the frequency of the cooccurrence of the YfhJ gene
with those indicated in the respective columns is indicated. The sec-
ond row corresponds to the frequency at which the indicated gene
occurs without the YfhJ gene, whereas the third row represents
the frequency at which YfhJ occurs without the indicated gene.
The presence of YfhJ clearly correlates better with that of genes of
the isc operon than with that of CyaY. Within the isc operon, the
link with IscS is the strongest, although the differences with the other
genes are small.characterizing the complex and mapping the interaction
with IscS onto the surface of YfhJ. We observe that, al-
though occurring with a relatively modest affinity, the
two proteins form a stable complex. The interaction in-
volves a specific surface, which contains several semi-
conserved residues. However, Glu51 and Glu55, the
two exposed residues completely conserved within
the YfhJ family, are not included among these residues;
therefore, they remain available to take part in other in-
teractions.
YfhJ seems to be able to bind both Fe2+ and Fe3+. The
affinities for these cations are also rather modest since
equimolar ratios of CyaY, which has a binding constant
for Fe2+ of 4 mM (Bou-Abdallah et al., 2004), are able to
compete out the binding at least partially. The main
binding site seems to comprise mostly aspartates and
glutamates. The presence of these residues, which are
unusual in that they are the only participants in an iron
binding site, is consistent with the low affinity for these
cations. It is, however, interesting to note that the sur-
face involved in binding IscS is the same as that impli-
cated in iron binding and that the binding affinity to
IscS is modulated by the presence of iron cations. This
strongly suggests that YfhJ could be a molecular adap-
tor that mediates the interaction of IscS with a yet un-
identified partner through an iron-mediated mechanism.
Finally, we have observed an interesting analogy be-
tween the behavior in solution of YfhJ and the otherwise
sequence-unrelated CyaY. Both proteins are conser-
vatively acidic, are able to bind iron with low affinity
through semiconserved glutamates and aspartates,
and aggregate in the presence of iron excesses (Adinolfi
et al., 2002; Cavadini et al., 2002). Despite the fact that
they are thought to have a role in the isc functions, we
observe no physical interaction between the two pro-
teins; this finding is also supported by the absence of
any obvious phylogenetic link. Could YfhJ be a frataxin
substitute in some species? This possibility could be
supported by the complementary presence of the two
genes in eukaryotes, although we have at the moment
only a modest statistic (five genomes) in which comple-
mentation seems to be possible. It would, however, not
explain the redundancy of their copresence in bacteria,
and this could suggest that the two proteins have a dif-
ferent function in prokaryotes and in eukaryotes.
A different explanation is that the similarity between
the two proteins merely reflects the presence of similar
weak iron binding sites. These could be needed for the
formation of iron-modulated interactions with other mo-
lecular partners. Interestingly, it could also suggest that
the properties of frataxin that enable it to form large as-
semblies involved in iron storage could have largely
been overemphasized, as their formation under aerobic
conditions could be a general unspecific feature without
biological significance, common to this new family of
weakly iron binding proteins. A way to test this hypoth-
esis is to knock out the YfhJ gene in one of the Apicom-
plexa species and compare the effect with that of
frataxin knockouts.
All together, our results indicate that additional stud-
ies on YfhJ could not only elucidate its role in the com-
plex network of interactions, which allow for formation
of Fe-S clusters, but also help to clarify the cellular func-
tion of frataxin.
Structure
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Sample Preparation
The proteins were independently cloned in a pET-derived plasmid
vector as a fusion with a 6His-glutathion S-transferase (GST) tag
with a TEV protease cleavage site between the construct and GST.
The plasmids were transformed into E. coli BL21(DE3). The expres-
sion of uniformly 15N- and 13C/15N-labeled YfhJ was carried out by
growing the cells in minimal medium containing 3g l21 D-glucose
(U-13C6, 99%) and/or 1g l
21 ammonium sulfate (15N2, 98%+) as the
sole carbon and nitrogen sources, respectively. Cell cultures were
grown at 37ºC with vigorous shaking to an OD600 of 0.6–0.8, induced
with 0.5 mM isopropyl B-D galactopyranoside (IPTG), and grown for
an additional 4 hr before harvesting. The cell pellet was resuspended
in a lysis buffer containing 0.1 mg ml21 DNaseI and protease inhib-
itors (Complete EDTA-free, Roche) and was lysed by sonication.
The cell debris was removed by centrifugation. The soluble fraction
was purified by affinity chromatography with either a Ni-NTA aga-
rose or a glutathion Sepharose 4B column (Amersham Biosciences).
The proteins were cleaved from GST by treatment with TEV protease
(gentle rotation at 4ºC forw16 hr) and were eluted from the column.
Gel filtration chromatography on a G-75 or a G-200 column (Pharma-
cia) was used as an additional purification step. The nature and pu-
rity of the proteins were evaluated by SDS-PAGE electrophoresis
and confirmed by mass spectrometry.
CD Measurements
Far- and near-UV CD spectra were recorded on a Jasco J-715 spec-
tropolarimeter by using fused silica cuvettes (1 or 10 mm) thermo-
statted with a PTC-348WI Peltier unit. Multiple scans were accumu-
lated, and the spectra were baseline corrected by subtraction of the
appropriate buffer spectrum. Thermal unfolding curves were ob-
tained by monitoring the ellipticity at 225 nm while heating at
a rate of 1ºC/min. The melting temperatures were obtained by fitting
to the Gibbs-Helmholtz equation by using nonlinear regression anal-
ysis with the assumption that unfolding could be represented as
a simple two-state transition. The effect of buffer, ionic strength,
and protein concentration was screened by carrying out the mea-
surements by using different concentrations of HEPES (10 mM or
100 mM) or phosphate buffer (20 mM), KCl (0–150 mM), and protein
(40–400 mM).
Gel Filtration
A prepacked HiLoad 10/30 Superdex 75 column (Pharmacia) was
equilibrated with HEPES buffer (pH 7.4), 100 mM NaCl. Albumin
(66 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa), and
ribonuclease A (13.7 kDa) were used as molecular standards for
the mass calibration. Samples were prepared by incubating YfhJ
(50 mM) in 10 mM HEPES (pH 7.4) in the presence of Fe(NH4)2
(SO4)2.6H2O (1:20 protein:cation ratio) for 1 hr at 30ºC. After centrifu-
gation at 13,000 3 g for 5 min, the supernatant was loaded on the
column. Competition experiments were performed by adding 100
mM NaCl to the initial buffer. Each gel filtration experiment was re-
peated at least three times to test for reproducibility.
NMR Data Acquisition and Spectral Assignment
NMR spectra of YfhJ were acquired on 15N or 5N/13C uniformly la-
beled samples at a 0.6 mM concentration in 90%/10% H2O/D2O
and 10 mM phosphate buffer (pH 6.5), 50 mM NaCl, and 0.05% so-
dium azide. All of the spectra were recorded at 30ºC on Varian or
Bruker spectrometers operating at 500, 600, and 800 MHz proton
frequencies and equipped with 5 mm triple-resonance probes or
cryoprobes. The WATERGATE sequence was used for water sup-
pression (Piotto et al., 1992). The spectra were processed with
NMRPipe (Delaglio et al., 1995) and analyzed with XEASY software
(Bartels et al., 1995). The spectra were typically processed by apply-
ing a Gaussian window function and were zero filled to double the
size of the data.
The quality of the YfhJ NMR spectra is excellent, with 63 well-re-
solved peaks out of the expected 66 nonproline backbone amide
resonances in the HSQC spectrum. Complete assignment of the
1H, 15N, and 13C backbone resonances, with the exception of the
C0 of residues followed by prolines and the C0 of residues 28 and
29, was obtained by using CBCA(CO)NH (Grzesiek and Bax,1992a), CBCANH (Grzesiek and Bax, 1992b), HNCA (Meissner and
Sorensen, 2001), HN(CO)CA (Bax and Ikura, 1991), and HNCO (Mu-
handiram and Kay, 1994) recorded at 600 MHz. Prolines were initially
identified from the typical sequential NOEs in the 15N NOESY-HSQC
and were consequently assigned by HCCH-TOCSY (Kay et al., 1993).
Although weakly present in the 15N HSQC and tentatively sequen-
tially assigned, the amide protons of residues 29, 30, and 51 did
not give TOCSY and/or NOESY connectivities in heteronuclear
15N TOCSY and NOESY-HSQC (Zhang et al., 1994), probably be-
cause they are in fast exchange with the solvent and/or close to an
aromatic residue. The assignment of 1H, 13C, and 15N aliphatic and
aromatic side chains is virtually complete and is achieved by using
a HCCH-TOCSY recorded in D2O with a 70 ms mixing time. The aro-
matic side chains were assigned by using (Hb)Cb(CgCd)Hd and
(Hb)Cb(CgCdC3)H3 experiments (Yamazaki et al., 1993) recorded at
600 MHz and by using a HCCH-TOCSY-specific experiment for the
aromatic region recorded with a 30 ms of mixing time at 500 MHz.
The N3H3 of only one, presumably that of Arg28, of the two expected
Args is visible in the HSQC, whereas the guanidinium groups are not
visible.
Secondary structure elements of YfhJ were identified by medium-
range and long-range NOEs, 3JHNHa coupling constants (Vuister
and Bax, 1993), TALOS torsional angles (Cornilescu et al., 1999),
and deviations of backbone atom shifts from random-coil values
derived from tetrapeptides (Wishart and Sykes, 1994).
Structure Calculation
Distance restraints were extracted from three-dimensional 1H-15N
NOESY-HSQC and 1H-13C NOESY-HSQC and two-dimensional
NOESY spectra (100 ms mixing time) recorded at 600 MHz or
800 MHz. Resonances were manually picked. A total of 61 angular
4 and c restraints were obtained from TALOS (Cornilescu et al.,
1999), and 50 4 dihedral angles were evaluated from HNHA spectra
according to the literature (Zhang et al., 1997). Structure calculations
were performed by using the ARIA program, version 1.2 (Linge et al.,
2001). For each ARIA iteration, 20 structures were calculated by sim-
ulated annealing by using the standard CNS protocol (Brunger et al.,
1998). The first bundle of structures generated by iteration 0 is ob-
tained by using a high violation tolerance, 1000 A˚, and an ambiguous
cutoff of 1.01, so that no NOE distance is excluded from the calcula-
tion. Both parameters were progressively narrowed in the following
iterations in order to exclude restraints that were not significant for
the final structure. Floating assignment for prochiral groups and cor-
rection for spin diffusion during iterative NOE assignment were
applied (Folmer et al., 1997; Linge et al., 2004). At the end of each
iteration, the best seven structures in terms of the lowest global
energy were selected and used for assignment of additional NOEs.
In the final iteration, 100 structures were calculated, and the best
20 were refined in water.
Structure quality was assessed with the programs WHATIF
(Vriend, 1990) and PROCHECK (Laskowski et al., 1996). The structure
was visualized by using the program MOLMOL (Koradi et al., 1996).
Relaxation Measurements
15N T1,
15N T2, and NOE relaxation measurements were performed at
500 MHz and 30ºC. Both R1 (T
21) data and R2 (T
22) data were ac-
quired with 10 relaxation delays (10, 100, 200, 300, 400, 500, 600,
700, 800, 100 ms and 10, 20, 35, 50, 65, 80, 100, 125, 150, 25 ms, re-
spectively). Experimental steady-state NOE values were determined
from the peak intensity ratios of amide signals obtained by recording
interleaved two-dimensional Watergate 15N HSQC spectra with and
without a proton saturation delay of 4 s and a repetition delay of 4.2 s
(Farrow et al., 1994). Peak intensities were measured by the auto-
matic routine of the NMRPipe/NMRDraw software (Delaglio et al.,
1995). T1 and T2 relaxation times were obtained by fitting the data
with a two-parameter single exponential decay function. tc values
were obtained from the experimental T1 and T2 data by using the
Lipari-Szabo model-free approach (Lipari and Szabo, 1982). Resi-
dues with T1 and T2 values that differ more than a standard deviation
from the mean value were not used for tc calculation.
Analytical Ultracentrifugation
The state of aggregation of YfhJ was investigated by monitoring
its sedimentation properties by analytical ultracentrifugation. The
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sorbance signal at 280 nm as the samples were centrifuged at
55,000 rpm and 4ºC in a Beckman Optima XL-A centrifuge fitted
with a four-hole AN-60 rotor and double-sector aluminum center-
pieces. The data were analyzed according to the Holde and Wei-
schet method implemented in the UltraScan 7.0 software package
(Demeler, 2005). The molecular weight was determined by fitting
the Lamm equation with finite element solutions (Demeler and Sa-
ber, 1998). Buffer density and viscosity corrections were made ac-
cording to published data (Laue et al., 1992). The partial specific vol-
ume of YfhJ was estimated from the protein sequence according to
previously described methods (Cohn and Edsall, 1943).
Fluorescence Measurements
Exploratory fluorescence experiments were performed with three
different fluorophores, Mians, Alexa Fluor 488, and Alexa Fluor 532.
The latter gave the best signal changes and was therefore used in all
experiments reported here. A solution of YfhJ (22 mM) in 20 mM Tris-
HCl buffer (pH 7) and 150 mM NaCl was reacted for 1 hr with a 4-fold
excess of the fluorescent probe. The labeled product was separated
from the free fluorophore on a PD10 gel filtration column. The dis-
sociation constants were determined at 20ºC with 16 mM YfhJ in
20 mM Tris-HCl buffer (pH 8) containing 150 mM NaCl and 20 mM
b-mercaptoethanol by using two different approaches. Dissociation
constants for YfhJ labeled with the Alexa Fluor 532 probe (YfhJ*)
were determined with direct fluorescence intensity (and polariza-
tion) titrations by using a SPEX FluoroMax fluorimeter with excita-
tion at 465 nm and emission at 570 nm. Dissociation constants for
unlabeled YfhJ were determined with a fluorescence competition
assay in which the nonfluorescent protein was used to displace
YfhJ* from its complex with IscS. The direct fluorometric intensity
titrations of labeled YfhJ* with IscS were fit to Equation 1:
Fo = FðYfhJ*ÞðYfhJ*Þ + FðIscS=YfhJ*ÞðIscS=YfhJ*Þ; (1)
where the F values are the molar fluorescence intensities. A value for
the dissociation constant Kd(YfhJ*) was obtained from a nonlinear
least squares fit of this equation with concentrations calculated by
solving:
ðIscS=YfhJ*Þ22 ðKd½YfhJ*  + YfhJ*T + IscSTÞðIscS=YfhJ*Þ
+ YfhJ*T IscST = 0; (2)
where the subscript T denotes total concentrations. We also in-
cluded factors (XYfhJ* and XIscS) in the fitting equation to correct for
errors in the actual concentrations (e.g., actual concentration of
IscS = IscST XIscS). In the displacement assays, a value for the disso-
ciation constant of unlabeled Kd(YfhJ) was obtained from a nonlinear
least squares fit to Equation 1 with the concentrations calculated by
solving:
ðIscSÞ3 + ð2 IscST + KdðYfhJÞ + KdðYfhJ* Þ + YfhJ*T + YfhJTÞðIscSÞ2
+ ð2 IscSTKdðYfhJÞ2 IscSTKdðYfhJ* Þ + KdðYfhJÞKdðYJ* Þ + YfhJ*T KdðYfhJÞ
+ YfhJTKdðYfhJ* ÞÞðIscSÞ2 IscSTKdðYfhJÞKdðYfhJ* Þ = 0: (3)
The value of Kd(YfhJ*) was kept constant in the analysis at the
value determined from the direct titration. In the case of the polariza-
tion measurements, the measured polarization values were con-
verted to fractional saturation (assuming formation of a 1:1 complex)
by correcting for the observed intensity change and using a mea-
sured polarization of 0.185 for free YfhJ* and an estimated polariza-
tion for the complex of 0.345.
NMR Titrations
Titrations were followed by recording 15N HSQC spectra at 30ºC on
a Varian Utility instrument operating at 500 MHz proton frequency.
15N-labeled samples of YfhJ (0.3–0.4 mM) in 10 mM Tris-HCl buffer
(pH 6.5), 50 mM NaCl, 0.05% sodium azide were used. Aliquots (30
ml) of an IscS stock solution at 0.23 mM dissolved in Tris-HCl (pH
7.0) were added to reach YfhJ:IscS ratios of 10:1, 6:1, 4:1, 3.5:1;
3:1; 2.9:1, 2.6:1, 2.4:1, 2.3:1, and 2.1:1. Titrations with Fe2+ and
Fe3+ were carried out by using concentrated stock solutions of
Fe(NH4)2(SO4)2.6H2O and FeCl3.6H2O (Sigma) at 25 mM and 38
mM, respectively. 0.5 equivalents of ion solution were added up toa protein:ion ratio of 6:1 and 3:1 for the Fe2+ and Fe3+ titrations, re-
spectively. Titration of YfhJ with CyaY was performed by adding
two 50 ml aliquots of unlabeled CyaY from a 0.6 mM solution dis-
solved in 20 mM Tris-HCl, 50 mM NaCl (pH 7.0). Titration of Fe3+-
loaded YfhJ with CyaY was carried out by using an unlabeled 0.6
mM CyaY solution with up to a 3:1 CyaY:YfhJ-Fe3+ ratio.
Bioinformatic Searches
The presence of YfhJ orthologs was determined by PSI-Blast (Alt-
schul et al., 1997) searches at the NCBI, followed by sequence align-
ment with Muscle (Edgar, 2004), generation of phylogenetic trees
with Neighbor Joining as implemented in ClustalX (Thompson
et al., 1997), and manual selection of the partition with the isc genes
in the a-, b-, and g-bacteria.
Supplemental Data
Supplemental Data including the relaxation parameters of YfhJ and
the raw data for the titrations with IscS, Fe2+, and Fe3+are available at
http://www.structure.org/cgi/content/full/14/5/857/DC1/.
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